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® Method and reagents tor In vitro oligonucleotide synthesis. 

@ A method is provided for the high fidelity, rapid and 
economical in vitro synthesis of oligonucleotides. Nucleoside 
H-phosphonates are condensed in seriatim using a dehydrating 
agent to produce a poly (nucleoside H-phosphonate). The 
product is oxidized to yield the desired oligonucleotide. A novel 
reagent ts provided for multiple nucleoside additions in single 
cycles. 
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Descript^^ fj^^ 

METHOD AND REAGENTS FOR IN VITRO OLIGONUCLEOTIDE SYNTHESIS 

since iw>/. and the Intervening development of two complex and costly methodolooies for th* ;„ JiZ 
» J 3 "! 99 ? *• ■° lwnfal Scrt l"»" ?§: (19MI teund lhal S'-CWlmemoxytrilylllwmMn. 3--Bvdm»n 

3D 3 -Pnospnoramldites, together with their comparable reactivity to phosphoramiditeson activation m»H» thl™ 
surtable as starting materials for oligonucleotide synthesis. The ^nS^SSSiS^SX^S^, 
SSST^SS ^ ***** for practica ' o«9on«cleotfde symhesSK 

35 MilJrV^T^'t ^ °1 A cont * inin 9 intemucleotide phosphate analogues Is becoming afield of great interest 
VO£!ZZ ?L w ?*~ • NaM - Acad " ScL 2787 (1986)) - Phosphoramidate analogues of dinuSeoWdB 

^h OSPh °^ ,date - thi °P hos P hate «* Phosphate triester analogues of oligo^leo«des 

tri^ef?^ 0f ^ ^ Synth8S,S ° f <he P hos P^date. thiophosphate and phosphate 

b^T^LlSe^Z^Z™ ° f ^ in, T tiVe meth ° d """P"" a "Abound nucleoside and 

preparing DNA. 9TOUP * nUCle ° 8,deS - US6d in ■»"*—"» mRNAor tRNA. tt s^T^T, 

nucSc'acIds*^ H-phosphonate monomers are analogues of the nucleotides constituting 

iute££n? -fiir ^ 9 9 , r °" PS 9eneral,y are ,ri Ph«ny»methyl ethers of the ribose or deoxyribose hydroxyl 
n^l T ^, ,UnCt ' 0n 13 t0 restrict the co "densation reaction to the 5' hydroxyl of the carrier-bound 
nucleos.de or oligonucleotide. The preferred starting phosphonates for the prepaTaX J fiSSSSS 
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tides and their correspo^^ nucleosides, designated parenthetically, are ^BnUhoxytrityl-3-thymidine 

H-phosphonate (thymidine), 5' dimethoxytrityl-3'-[-N 6 -benzoyldeoxyadenosine] H-phosphonate (deoxyaden- 
osine), 5* dimethoxytrityl-3*-[N 4 -benzoylcytidine] H-phosphonate (deoxycytidine), and 5* dimethoxytrityl- 
3'-[N*-isobutyl deoxyguanosine] H-phosphonate (deoxyguanosine). The starting materials for the preparation 
of oligonbonucleotides are similar, for example for adenosine, 5' dimethoxytrityl-2'-dimethyl t-butyl s 
silyl-[N«-benzoyladenosine]-3* H-phosphonate. The starting phosphonates are prepared by methods known 
per se. For example, see Sekine et al.. "Tetr. Lett. " 16: 171 1 (1973). Another method for preparing the starting 
phosphonates (which is preferred) employs tris (1, 2. 4-triazoyl) phosphite (TTP). TTP is conveniently 
generated in situ from phosphorus trichloride (PCI3). 1, 2 t 4-triazole and N-methyl morpholine in anhydrous 
methylene chloride (CH2CI2). w 

Carriers are selected that are insoluble in the reagents used for the oligonucleotide synthesis, this being for 
convenience in recovering the polynucleotide after each condensation cycle. The carrier also is sufficiently 
porous to permit the facile entry of reactants and elution of product and reactants. A preferred carrier is 
controlled pore glass, although silica gel or polystyrene also are acceptable. Carrier-bound nucleosides are 
prepared by known procedures, for example Chow et al.. * NucL Acids Res.' 9: 2807 (1981). 15 

Nucleoside H-phosphonates exist as an anion having a positively charged counterion. Triethyl ammonium 
(TEAH + or 1,8 Diazabicyclo [5.4.0] undec-7ene-onium (OBUH+ are preferred counterions. The DBUH salts of 
phosphonates have increased stability in anhydrous solvents. 

The counter bound nucleoside and the nucleoside 3' H-phosphonates are selected in seriatim so as to 
correspond to the predetermined sequence of the oligonucleotide to be synthesized, with the 3 f nucleoside 20 
being carrier-bound. Oligonucleotide chain elongation proceeds In conformance with this predetermined 
sequence in a series of condensations, each one of which results in the addition of another nucleoside to the 
oligomer. 

In the first of these condensations, the carrier-bound nucleoside is condensed with the second nucleoside 
in the oligonucleotide. The key reagent in this reaction as well as in the subsequent condensations is the 25 
dehydrating agent. Suitable dehydrating agent generally fall within the classes of phosphorylating agents or 
acytating agents and include isobutyl chloroformate, diphenyl chlorophosphate, organic acid anhydrides such 
as acetic anhydride, isobutyric anhydride and trimethylacetic anhydride, and organic acid halides such as 
pivaioyl chloride, pivaloyl bromide and benzoyl chloride. Diphenylchlorophosphate, carbodiimfdes, aryl sulfonyf 
chlorides and aryl suffonyi tetrazolides in our experience result in extremely poor yields. The property of the 30 
acylating or phosphorylating agent that is most important for the purposes of preparing oligonucleotides is its 
ability to add a nucleoside to substantially all of the nascent carrier-bound chains at each cycle, rf the additional 
nucleoside is not added to a subpopulatlon of chains, i.e. a cycle is aborted as to that subpopulation, then the 
resulting oligonucleotide generated by further addition to that subpopulation will be one base short. This will 
destroy the utility of the oligonucleotide as a component in DNA which is to be expressed in recombinant 35 
culture because the deletion will shift the DNA out of reading frame, and it is difficult to detect contaminating 
deletion mutants in long oligonucleotide products. Thus, when preparing oligonucleotides for use In molecular 
biology it is important to select a dehydrating agent that exhibits high fidelity in chain elongation, i.e.. high yield 
addition at each cycle. Selecting such superior agents other than those specifically set forth herein is 
accomplished by the use of a screening assay. 40 

The screening assay to be employed is described in more detail in Example Z A nucleoside H-phosphonate 
(N) rs condensed to a carrier-bound nucleoside through four cycles, the last one of which should yield N 6 , then 
the polynucleotide H-phosphonates are separated from the carrier, converted to the oligonucleotides and 
separated on HPLC in order to determine the distribution of oligomers from N 2 to N 5 . If the selected 
dehydrating agent produces an oligomer mixture having greater than about 80 mole <Vb of N5 as measured by 45 
spectrophotometry adsorption corrected for the extinction coefficients of the oligomers, and usually greater 
than about 9CHV6. then the agent will be considered preferred for the purpose of this invention. Alternatively the 
dehydrating agent that is selected is one which, after 49 cycles of step d) followed by steps e) and f), yields an 
oligonucleotide composition wherein the desired 50 nucleotide oligonucleotide in the composition is present 
in a greater molar amount than any other oligonucleotide species in the composition. The agents usod by ih« M 
art for the preparation of dinucleosides have been phosphorylating or sulfonating agents. Agents of these 
classes used by the art are not capable of meeting the rigorous standards herein, particularly diphenyl 
chlorophosphate. 2,4,6-triisopropylbenzenesulfonyl chloride or 2,4,6-triisopropylbenzene sulfonyl tetrazolide 

The preferred activating agents are acylating agents. Particularly preferred are acylating agents having the 
structure 
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A-C-X 

wherein A is aryl or 
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in which the R groups are inert substituents preferably selected from the same or different normal or branched 
alkyl. aryl. halogen, heteroalkyl or heteroaryl. and X is a halogen or a pseudo-halogen, e.g. a heterocyclic 65 
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A representative heterocyclic amine X group is tetrazole. A typical exampte oTthis^cies is 
CI 0 

I II / H 

CI — C — C — N I 

. a V 

H 

EMI PA-7 FR-2 HE-30 Wl = 60 TI = CHE 

* " a CS!!!^^^ known per s? wherein 0,30 * c ' is reacted with 
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Jp^ATj^ * ChC ~ h a ^ "V* 0 ** 8 "*^' «h«r ^ leaving groups wi.l be 
The dehydrating agent typically is employed at a concentration of about 25 to 100 mM Pivalovl chloride 
preferably is present in a concentration of about 50 mM or 5 molar equivalents of pl^ rt*SS«S£ 
the phosphonate monomer.The use of 10equivaients reduced the yield of o^onueh^ Su^clSSmS 
competes acylatlon is yield Omltlng and that no extraneous capjlng step is .required The pivalovl cSto We 

SSSS ,ncomp chains are capped wl,hout *"* need to ,ntroduce a separat * step 

The quantity of phosphonate required in the condensation generally ranges about from 5 mM to 20 mM 
mo^r^^^^ 

The so ^TiS^Jn lh known 0,i 9° n . ucleotide synthetic processes, which typically retire aboutSO mM. 
ovridL/flrfton^L condensation reaction is an anhydrous organic solvent, preferably anhydrous 
pyndine/acetonitrile in volume proportions of 1:1. ^ 

th™ ^Sl? 9e T era ^ iS COTd _ uc * ed bv mixin 9 dehydrating agent and selected phosphonate solutions and 
Inn ? * he n ? IXtUre Wth ,he carrier - b ^»d oligonucleotide chain. Typically, the carrier is particufate 

and packed into a column over which the solution of monomer and dehydrating agent then is Passed The 
contact tome generally is about from 0.5 to 5 minutes, with about 1.5 minutes beinfpre ered fhe reactioJ 
temperature is about from 10°C to 30°C, preferably 20°C prererrea. me reaction 

c^T S ^!°^ n ^£!lT e re H- dUa iif ydrati " 9 ag8nt and nuc,eoside H-phos P honate is removed from the 
earner after each cycle by washing with an organic solvent such as acetonitrile. Thereafter the Drotectino 

Trs*- pre,erab,y by treatmsnt *»» a "SSE- SEES 

usefc.? othl^lJ ?* *^ 9 1P 5 W/V tnchloroace t i c acid/CHaCb or ZnBr-saturated nitromethane also are 
E2iw?2£ deprotection procedures suitable for other known protecting groups will be apparent to the 
2^2L2E£T an k C- ^ r Preferably iS WaShed With Pyridine/acetonitrite (1/1 vol/vol? and 

SZSSES^^"^ in as many addit,ona ' 38 are re ^ uired to ^ «» 

55 actonl o^o ^^0! T^ 0 T' 63 tne P o| y" uc ' e °tide H-phosphonate is oxidized to the nucleic 
^'™ der t fP re P a "» oligonucleotides having phosphoramidate internucleotide linkages, the oxidation is 
V PreSen f B ° f 8 Primary or secondaf y ««*» and. preferably, carbon tetrachloride. The 
ZnZ«*« t ?£ % aqueous iodine to generate phosphate diesters into nucleotide linkages. Other 

so St I-* 2 '" 9 f 9 !", 18 ! n ° IUde N - chloros ««inimide. N-bromosuccinimide. or salts of periodic acid. 

^SSS^J!^^ 9 * separated fr ° m thG Carrier ' in the pre,erred instance ^ incubation with 
thT^i f am r on,um hydride followed by filtration to remove the residual silica gel and evaporation of 
2 2'9°" uc ^ ot ' de - con te ,n 'ng solution. If desired the oligonucleotide then is purified by HPLC. polyacrylarnide 
fiSSiSS ° f C ° nVentional techni ^s and the fidelity of the product confirmed by nucleic acid 
65 While the foregoing discussion has revolved around the consecutive addition of mononucleoside 
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phosphonates it will be u flH}ood that more than one nucleoside can be addec^Hfeiven cycle by using poly 
(nucleoside phosphonatesj^enerally di- or trl nucleoside phosphonates. TheseraBents are readily prepared 
by condensing a soluble nucleoside (which may or may not be bound to a carrier) to a nucleoside 
phosphonate otherwise as described above for chain initiation. Such dinucleoside di phosphonates are then 
employed in place of the mononucleoside phosphonates, or to prepare other poly (nucleoside phosphonates). 
These novel intermediates have the structure 
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•P-O-M 
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H / H 



II 70 

P-OY 



is 



wherein Y is a counterion such as DBUH+, n is 1 or greater than 1, ordinarily 2, and M is a nucleoside. 
Ordinarily the nucfeoside will be protected. An example is 5' Dimethoxytrityl-a'-thymidyl-S'-H-phosphonate- 
3Mhymldlne-H-phosphonate. These agents should be purified and stored as anhydrous solids. 

The following examples are illustrative of the invention but are not to be considered as limitations on its SO 
scope, which is defined by the appended claims. 



EXAMPLE 1 



Preparation of Eicosathymidylic Acid (T20) and Tetracontathymidylic Acid (T40) 2 5 

The synthetic utility of S'-dimethoxytrityt-3Mhymidine-H-phosphonate 1 was demonstrated by the synthesis 
of T 2 o and T 4 o on silica gel. S'-Dimethoxytrityl-S'-trhymidine H-phosphonate was prepared as previously 
described and characterized by * 1 P NMR (6-0.27 ppm, J (P-H) « 605 Hz) (3ip NMR spectra were obtained in 
an anhydrous Pyr/CH 3 CN (1/1) solution and chemical shifts are reported relative to 5 percent phosphoric 
acid/D 2 0 (external standard) . The reaction scheme (scheme 1 ) was as follows, wherein DMT is dimethoxytrityl. 30 
pyr is pyridine, DCA is dichloroacette acid and R is succinyi silica. 



o 

T0 1 JL TOT TOT 

| « \ X X « I ft J X a / Ba p j || I 

OHIO I -O-P-O ♦ BO VoZ > 0MTO l-O-P-O p— OR > 0HTO I— O-f-O I— OR 

N I \j *~/c»>« NT J N I.N 
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wash *h f Cbaia f I wmmh 40 > 

PTr/CHjC* J ^ZlengAtioaJ CB3CH 



2. SI DCA/CB 2 C1 2 

1 



45 



50 



The polymer support (silica gel) was derivatized to 25jimole 3 -succinyl thymidine per gram of silica gel as 
previously described (Chow et ah. Id). The synthetic cycle consisted of a condensation reaction of 2 with 
10mM 1 (-5eq. relative to 5'-OH component 2) and 50 mM pivaloyl chloride at 20° C in anhydrous 
pyridine/acetonitrile (1/1) for 5 min, followed by dimethoxytrityl deprotection of 3 using 2.5<Vto DCA/CH2CI2 ( 2 
min). After the required number of synthetic cycles, the polythymidine H-phosphonate product 3 was oxidized 55 
to polythymidyiic acid 4 with 0.2M l 2 in tetrahydrofuran/Pyr/HaO (90/5/5) <5 min). The product 4 was removed 
from the solid support (cone. NH4OH/5 hr./55°C) and evaporated. HPLC analysis of the crude product T20 
demonstrated that the product peak coeluted with a T20 standard prepared by the phosphoramidite method. 
The T20 and T40 crude products also were evaluated by polyacrylamide gel electrophoresis and visualized by 
U.V. shadowing. The analytical data clearly demonstrated the high yield synthesis of both T20 and T 40 . T 40 was GO 
further evaluated by 5 -end labeling with y-™P-KXP US j ng polynucleotide T4 kinase followed by complete 
degradation with snake venom phosphodiesterase. By ail criteria, the synthetic T 40 was comparable to a 
standard T40. 

65 
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exampl!^^ 



Identification of Preferred Dehydrating Agent 
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35 EXAMPLE 3 

Preparation of Nucleoside H-Phosphonate 
The following scheme was used to prepare deoxynucleosides for use herein. 



Schema 2 
B 



I II x 

B ■ S S 3 ? 106 , - d > N2-lsobutyryl guanine 

c; w^-benzoyl cytosine adenine 
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Table 1 



31 P NMR 1 



Yield 2 

(P«rc«Titl 



Nucleoside H-T>W r hn nflr „ Shift JfP-m 

thymidine (la) . -0.3 ppn 605 Hz 

deoxyadenoslne (lb) -0.3 ppn 600 Hz 

deoxycytldlne (lc) -0.3 ppn 603 Hz 

deoxyguanoslne (Id) -0.6 ppo 605 Hz 

3 X 

1) P NMR spectra were obtained In an anhydrous Pyr/CH^CN (1/1) 
solution and chemical shifts are reported relative^ to 5 percent 
phosphoric acid/D 2 0 (external standard). percent 

2) Isolated yield based upon protected deoxynucleoside (la-d). 
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EXAMPLE 4 

Synthesis of Deoxyoligonucleotides 

This currently represents the best mode for practicing the invention. Syntheses were performed with a 
Biosearch Model 8600 DNA synthesizer. Trimethylacetyl chloride (pivaloyl chloride) was distilled at 
atmospheric pressure and stored under Argon (Ar). Pyridine (Pyr) was distilled from p-toluenesulfonyl 
chloride, then freshly distilled from calcium hydride. Acetonitrile (CH 3 CN) was dried over activated 3 Angstrom 
molecular sieves. Deoxy-nucleoside H-phosphonates (1a-d) were dried by co-evaporation from anhydrous 
CH 3 CN and reconstituted in anhydrous Pyr/CH 3 CN (1/1). Syntheses were performed on control pore glass 
(0.1 jxmole scale) using the following protocol. 

Synthetic Cycle (Scheme 1, Example 1) 

1) Wash - anhydrous CH 3 CN (46 sec). 

2) Deblock - 2.5 percent dlchloroacetic acid (OCA)/CHaCl2 (1 min.). 

3) Wash - anhydrous Pyr/CH 3 CN (45 sec). 

4) Couple - 10 mM deoxynucleoside H-phosphonate (1a-d), 50 mM pivaloyl chloride in anhydrous 
Pyr/CH 3 CN (1/1 by vol) (1.5 min). ~* 

5) Repeat steps 1-4 until the nucleotide sequence is complete. 

6) Deblock -2.5 percent DCA/CH2CI2 (1 min). 

7) Oxidize H-phosphonate DNA with: 1) 0.1 M l 2 in Pyr/NMI/H 2 0/THF (5/1/5/90 by vol) (2.5 min), 2)0.1 
M l 2 in Et 3 N/H 2 0/THF (5/5/90 by vol ) (2.5 min). The DNA was removed from the polymer, deprotected 
(cone. NH4 OH, 55°C. 5 hrs.) and evaporated. 

Deoxynucleoside H-phosphonates (1a-d) have been used for the complete synthesis of deoxyoligonucleo- 
tides (DNA) up to 107 bases in length, although this is not an upper limit on synthetic capability. The synthetic 
protocol described above uses a minimal amount of deoxynucieoside H-phosphonate (2.5 mg/coupiing) in a 
simplified and rapid procedure (4 min/cycle). The internucleoside phosphorus is protected from unwanted 
side reactions by its oxidation state and the native phosphate diester is generated after synthesis by aqueous 
I2 oxidation. M 

Oxidation of a polymer bound polynucleoslde H-phosphonate (3) with 0.1M l 2 in a Pyr/H a O/THF (5/5/90) 
solution has been inadequate for consistent results. The aqueous h oxidation of dialkyl H-phosphonates is 
subject to general base catalysis (Lewis, E.S. and Spears. L.G.. J. Amer. Chem. Soc. t 107, 3918 (1985)) and we 
have determined that addition of N-methyl imidazole (NMI) or stronger bases (i.e. N-methyl morphoiine or 
tnethytamine (Et 3 N) increases the rate of oxidation and is essential for the oxidation of long 
deoxyoligonucleoside H-phosphonates (3. >40 bases). Dialkyl H-phosphonates are susceptible to alkaline 
hydrolysis (Kume. A. ( Fujii, M., Sekine, M. and Hata, T.. J. Org. Chem.. 49, 2139 [1984]) and we have observed 
that the aqueous oxidation of polynucleoside H-phosphates (3) using Et 3 N is complicated by competitive 
hydrolysis. The l 2 oxidation of long deoxyoligonucleoside H-phosphonates (3,>40 bases) first with a weakly 
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basic solHp(Pyr/NMI) followed by oxidation with a strongly bJWolution (Et 3 N) gives the hiohest view nf 

K^TSSfSS^ ( S- ? dd , i,iona,ly we have found ,hat ™ aaueoua ^!^«C^S3!2! 2 

DM Hamm^nrtTi ia nt ! a " alka, '" e '° 3 " solu t'°n will not oxidize a dinucleoside H-phosphonate (3) (Brown 

[A-oilSK iSifS^iS! Therefore * iS nece8Sar y to P^re separate-solutions 
i- ^ <^ 2 / . B se/Hz0/THF (1/1/8,J and m,x ,nem immediately prior to use for the consistent and 
rapid oxidation of deoxyollgonucleoside H-phosphonates (3) consistent and 

r^ E tn^!2ltT e P ! rfor '" ed to •« ,u « l « ,he stat >«»y °t the deoxyollgonucleoside H-phosphonate linkage 
siU reagents used ,n deoxyoligonucleotide synthesis. A 24-mer was prepared and prior to oxidation of 
the deoxynucleos.de-H-phosphonate (3). aliquots of the solid support were treated for 4 hours wtth ? 
anhydrous Pyr/CHaCN (1/1^ anhydrous CH 3 CN. 3, 100 mM pivalotfch.or.de in anhJZs PyScC/ 
hr^tr? ° C ^ H 2CI 2 . washed with CH3CN, oxidized, washed, deprotected (cone NH4OH/5 

^^s6^^L Ane l ^ ,ab , 6,ing Wi,h Y " 32P - ATP USi "9 Parotide T4 kinase the samples 
dXThK^H V elec 2 roph , ores,s and autoradiography (data not shown). Under these conditions no 
ch S «r he P°^ uc,TOSi(:le H-phosphonate (3) is observed, but addition of 1 percent H 2 o"o 

Si? h 3 ? SO Ut .'°? ' eadS t0 detectable degradation in the 4 hr. time period. These results 

midSL r n f,S« or 5'-phosphate triester stabilizes the glycosidic bond of deoxyadenosine to acid 
mediated depunnation (Tanaka, T. and Letsinger. R.L. Nucl. Acids Res.. 10. 3249 (1982)). The effect an 

'^ C vT <ie ? Ph ^ h0nate " nka9e ® W0U ' d have on the rate * lepurinTtion was assessed A polymer 
Sh? „r Me^Tt deoxyadenosine dinucleoside H-phosphonate. protected with a N«-benzoyl amide 
(3b a) or N6-diisobutyl formam.d.ne (3e.a). was treated with 2.5 percent DCA/CHaCfe for 24 hours and 
analyzed No detectable difference in rate of depunnation between the H-phosphonate diester (3) and the 
UTS? M?° SP ^ a tneS > t6r WaS observed < data not shown). This experiment also confirmed the added stability 
of the N«-am.dme protected deoxyadenosine relative to the N«-benzoyl amide protected deoxyadenosine 

chaSrized eqUenCeS A ^ Synthesizad usin 9 the described protocol and the crude product 

Table 

, Sequences of synthesized d eoxvollponiicleotldaa 

•1 *a 

78. 3* -AeCTCICGTAAAAAOOGTATCOACAATolAAGCAATTXTCGrACTOAAAGOTICACTGOA 

7M» 3»- OAOCATIITTCCCAIAGCTGTTACITtCOTIAAAAGCATOACttTCCAAGIGACCI 

CGAATTCTGATTGAATGA -3 • 
GCTTAAGACTAACTTACTCTAG-5* 

. 99 3 ' ~AGTAGCAAGCTTOA66TGXG6CA6GCTTGA6ATCTG6CCATACACTT6AOT6ACAATGAC 

ATCCACTTTGCCT TTCTCTCCACAGGTGTCCACTCCCAG- 3 • 

107* 3 • -AATTCATGAAAAAGAATATCGCATTTCTTCTTGCATCTATGTTCGTTTTTTCTATTGCXA 
107b 3 • - GT ACTTTTTCT TATAGCG T AAAGAAGAACGTAG AT AC AAGCAAAAAAG ATAACGAT 

CAAACGCGTATGCAGACTCATGGATGGAGGAAGTTATTAAATTATGC -3 ' 
GTTTGCGCATACGTCTGAGTACCT ACCTCCTTCAATAATTTAATACGCCGG- 3 • 



nhle k ^ 9 ° nU ^ e0t,C,eS 7881 78b ' and 99 were a,so s^^esized with methoxy diisopropylamino 
phosphoramidites and are included in the Table for comparison. The amidite syntheses were carried out using 
a standard protocol except that a 30 second aqueous wash was incorporated to oxidation to hydrolyze 
possible phosphite-heterocyclic base adducts. The data presented in the Table clearly demonstrate the high 
yield synthesis of product deoxyoligonucleotides using deoxynucleoside H-phosphonate intermediates At 
this time the sequence fidelity of H-phosphonate DNA is lower than that produced by phosphoramidites - 
however this disadvantage is offset by a simpler synthetic cycle and significantly lower concentration of 
deoxynucleoside H-phosphonate required for synthesis. 

EXAMPLE 5 

The dinucleotide phosphoramidates 2e and 2f (Scheme 3) were initially prepared by oxidation of the polymer 
bound dinucleoside H-phosphonate 1 
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Scheme 3 
t t 
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with O.05M l 2 in a solution of the corresponding amine (10 percent) and tetrahydrofuran (THF) for 5 min The 
?L^L^ l6 ^ QS « W6fe removed from tne so,id support (50 percent cone, ammonium hydroxide 
(NH 4 OH)/Dioxane, 8 hrs.. r.t.) and evaporated. NMR spectra of both products show the presence of 
approximately equal amounts of diasteriormers (3ip NMR spectra were obtained in COCIa and chemical shifts 20 
are reported relative to 5 percent phosphoric acid/D 2 0 (ext. std.) ; 2e 8-9.1, -8.8ppm; 2f 5 -7.9. -7.6 ppm.). The 
oxidation of H-phosphonate diesters to phosphoramidates is complicated by competitive hydrolysis 
generating the phosphate diester 2a. Carbon tetrachloride (CCI 4 ) oxidation of H-phosphonate diesters to 
phosphoramidates (Atherton et aJ. ( J. Chem. Soc. 660 (1945). Zwierzak. A.. Synthesis 507 (1975)) offers the 
advantage of low water solubility into CCU. All dinucleotlde phosphoramidates (2b-g) wereprepared with a 10 25 
percent solution of the corresponding amine in CCU (5 min) (A saturated solution of ammonia or methyl amine 
in Dioxane/CCU (1/4) was used to prepare the corresponding phosphoramidates). High performance liquid 
chromatography (HPLC) of the samples indicate a high yield of product phosphoramidate with very little 
competitive hydrolysis (<3 percent dithymidlne phosphate diester, 2a). 

The stability of the phosphoramidate linkage to cone. NH4OH was examined for each and the results 30 
indicate the phosphoramidates 2c-g are stable to the conditions necessary for removal of the common 
heterocyclic N-acyl protecting groups (55° C. 5 hrs). The phosphoramidate 2b rapidly decomposes under 
these conditions (ti/ 2 -15 min) to a mixture of the 3' and 5' phosphoramic acid monoesters (Tomasz J 
Nucleosides and Nucleotides 2, 51 (1983). The stability of the dinucleotide phosphoramidates (2b^j to 
enzymatic degradation by exonucleases was examined using spleen phosphodiesterase and snake venom 35 
phosphodiesterase. Incubation of the dinucteotkles ( 2a-g ) with the corresponding enzyme/buffer solution at 
37° C for 1 hr led to complete degradation of the phosphate diester (2a with no detectable degradation of the 
phosphoramidates 2^ (assessed via reverse phase HPLC). The observed enzymatic stability of the 
dinucleotide phosphoramidate 2b is contrary to the claims of Ogilvie (Nemer et aJ., Tetrahedron Lett. 21 , 4149 
(1980)) but is in agreement with those reported by Letsinger (Letsinger et aJ„ Nucl. Acids Res 14 3487 40 
(1986)). — ' 

To further explore the scope of this oxidation procedure, undecathymidylic acid (Tn) was prepared 
containing from 1 to 9 phosphormorpholkJate linkages. The synthesis of polythymidine H-phosphonate on 
controlled pore glass was carried out using the synthetic protocol described above. The strategy outlined in 
Scheme 4 demonstrates the synthesis of T t 1 containing nine phosphormorpholidate linkages followed by one 45 
phosphate diester linkage. This strategy was used for all Tn products containing 3' phosphoramidate 
linkages. 
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SCHEME 4 

Synthesis of T n containing nine phosphonaorpholidate linkages 
(3' end) followed by one phosphate diester linkage (5' end). 
* indicates phosphormorpholidate linkage 
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3' -T-ODMT 

Repeated 5 '-DMT deprotection and repeated 
Nucleoside H-phosphonate condensation 

123456789 
3'.T-p.T-p-T-p.T-p-T-p-T-p.T-p-T-p-T-p.T-ODMT 

Oxidation of the polynucleoslde H-phosphonate 
to a polynucleotide phosphormorpholidate with 
CC1 4 (10 min) 

. 1* 2* 3* 4* 5* 6* 7* 8* 9* 

-3'-T-p-T.p*T-p-T-p-T-p-T-p-T-p-T-p-T-p.T-0I»lT 
5' -DMT deprotection and 
Nucleoside H-phosphonate condensation 

1* 2* 3* 4* 5* 6* 7* 8* 9* 10 
3'-T-p-T-p-T-p-T-p-T-p-T-p-T-p-T-p-T-p.T-p-T-0H 

5' -DMT deprotection followed by oxidation of 
the final product with aqueous I2* 



[Ti] 



[Tiol 
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The products were removed from the solid support with cone. NH4OH (2hr/r.t.) and evaporated. 
Polyacrylamide gel electrophoresis (PAGE) and U.V. shadowing indicated a major product band with each. The 
band was cut, crushed, eluted with H2O and isolated by reverse phase HPLC (cie). An autoradiogram was 
derived from 5*-end labeling of these products with T4 polynucleotide kinase and y- 32 P ATP followed by PAGE 
(17 percent polyacrylamide/7M urea). The change in electrophoretic mobility of the different T1 1 products was 
very pronounced, each additional morpholidate resulting in an increase in mass and a decrease in charge. It is 
interesting to note that the electrophoretic mobilities of the different Tn products do not follow a strict 
mass/charge ratio dependence. The products containing many phosphoramidate linkages (high mass/charge 
ratio) have greater mobility than would be predicted based upon the mobilities of the T11 products with fewer 
phosphoramrdates. Treatment of each of these polythymidine phosphormorpholidates with 85 percent formic 
acid (95° C, 15 min) generated Tn containing al! diester linkages. 

Nucleoside H-phosphonate diesters have been used as precursors to thiophosphate analogues (Fujii et al., 
Tetrahedron Lett. 26, 935 (1986)).This conversion is accomplished In high yield ( > 98 percent) directly from the 
polymer bound oligonucleoside H-phosphonate diester 0) by treatment with a solution of 0.1M Sa in 
Triethylamine (TEA)Zcarbon disulfide (1/9, 5 min). In order to prepare radioisotopically labelled oligonucleo- 
tides having extremely high specific activity for use as hybridization probes, the Sa that is employed will 
contain a proportion of 3S S radioisotope. 

Triesters of oxygen are prepared by reaction of oligonucleoside H-phosphonates 0) with a 10 percent 
solution of the corresponding alkanol (ROH) in N-methyl imidazole/TEA/CCU (5/5/90). R is aryl, alkyl. 
heteroalkyl or heteroaryi generally having less than 10 carbon atoms, preferably MeOH or n-BuOH. This 
reaction is very susceptible to competitive hydrolysis and care must be taken to assure anhydrous conditions. 
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The primary and secolW£ amines b) - g) are to be considered merely repr eWtive. It is within the scope 
herein to employ substituents having the general formula - N - X wherein X and Y are the same or different 

Y 

and are selected from the group of hydrogen, alkyl. heteroalkyl. heteroaryl or aryl. or are taken together to form 
a cycloalkene, cycloalkane or heterocycle. The species in which X or Y are. or are conjugated to form 
heteroalkyl and heteroaryl substituents are preferred for use as in vitro hybridization probes, whereas the alkyl 
or aryl substituents are preferred for in vivo hybridization. 

The heteroatom in heteroaryl ROH. X or Y is selected from the group of S. N or O, about from 1 to 5 of which 
are present in the heteroaryl group. Heteroaryl species that are particularly useful in in vitro diagnostics are 
those in which the heteroaryl group is fluorescent, for example, rare earth metal chetotesTor use in pulsed 
fluorescence, or other known substituents for use in polarized fluorescence hybridization assays Such 
fluorescent labelled oligonucleotides are particularly useful in hybridization assays because it is possible to 
conduct the assays without a phase separation by detecting changes in fluorescence upon hybridization to the 
.kmi! tw' 69 * han 9 es In POla^zat'on. emission wavelength, absorption wavelength, emission intensity and 
the like. The method herein facilitates the preparation of oligonucleotides which are heavily substituted with 
such fluorescent species and accordingly exhibit high specific activity. 

The results presented above demonstrate that polynucleoside H-phosphonates are valuable precursors to a 
variety of internucleotide phosphate analogues. Oxidation of a polynucleoside H-phosphonate in the presence 
of amines leads to the corresponding polynucleotide phosphoramidate in high yield. The H-phosphonate 
method of DNA synthesis is a simple, fast and reagent efficient procedure that can now be applied to the rapid 
synthesis of DNA containing internucleotide phosphate analogues. This method provides an easy and efficient 
route to a vanety of internucleotide phosphate analogue of DNA containing the naturally occurrina 
nucleotides. " 



Claims 



1. A method for the synthesis of a polynucleotide comprising (a) providing a nucleoside bound to a 
carrier (b) condensing a blocked nucleoside H-phosphonate with the 5' hydroxyl of the carrier-bound 
nucleoside in the presence of a dehydrating agent, (c) removing the 5' blocking group of the nucleoside 
H-phosphonate of step b) from the carrier, (d) sequentially repeating steps b) and c) using nucleoside 
H-phosphonates until a polynucleotide H-phosphonate having greater than two nucleotides has been 
obtained, (e) oxidizing the polynucleotide H-phosphonate to form the corresponding polynucleotide and 
(f) separating the polynucleotide from the carrier. 

2. The method of claim 1 wherein the dehydrating agent is an acylating or phosphorating agent 

3. The method of claim 2 wherein the dehydrating agent is other than an aryl sulfonyl chloride or aryl 
sulfonyl tetrazolide. diphenyl chlorophosphate. or a carbodiimide. 

4. A method of claim 2 wherein the dehydrating agent is an acylating agent. 

5. The method of claim 4 wherein the acylating agent has the structure 
O 

: A - C X 

wherein A is aryl, heteroaryl or 

i 

R 

in which R is the same or different normal or branched alkyl. heteroalkyl. aryl, heteroaryl or halogen and X 
is halogen or a pseudohalogen selected from the group of azide. heterocyclic secondary amines or 
groups capable of forming active esters. 

6. The method of claim 5 wherein X is chloride. 

7. The method of claim 5 wherein the acylating agent is pivaloyl chloride 

8. The method according to any one of the preceding claims wherein the dehydrating agent results in 
premature chain termination in less than about 20 mole of the total oligomer population after four 

eye 16 s. 

9. The method of any preceding claim wherein the dehydrating agent is an organic acid halide 
10. The method according to any preceding claim wherein the nucleoside is a deoxyribonucleoside 

cycle? 9 according to any preceding claim wherein steps b) and c) are repeated through at least 2 

c^cieT 8 me,h ° d aCCOrdlng to c,aim 1 1 whe «»in steps b) and c) are repeated through about from 4 to 125 

14 £»™£ZH?~?? n9 . t0 8ny precedina c,aim herein the dehydrating agent is an acid chloride. 
-hi£f 2£T ? £ am l t0 T* precedin 9 c,aim wherei " the dehydrating agent is capable of capping 
aborted oligonucleotide phosphonate chains. w " 
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15. tf^method according to any preceding claim wheifB^ie step e) occurs only after the entire 
polynucleotide H-phosphonate has been synthesized. 

16. The method according to any preceding claim which is such that if 49 cycles of step d) are followed 
by steps e) and f) f a 50 nucleotide polynucleotide is present in a greater amount than any other 

5 polynucleotide separated from the carrier. 

17. The method according to any preceding claim wherein the nucleoside H-phosphonates are 
predetermined. 

18. The method of claim 17 which is such that if 4 cycles of step d) are followed by steps e) and f) t greater 
than about 80 mole percent of the polynucleotides separated from the carrier consists of a polynucleotide 

10 containing 5 predetermined nucleotides. 

19. A composition having the formula 



M-J-O-P-O-M- -O-P- 



o 

OY 



wherein Y is a counterion, n is £1, and M is a nucleoside. 
20 20. The composition of claim 19 wherein M is a protected nucleoside. 

21. The composition of claim 19 wherein the protecting group is a dialkyi formamidine. 

22. A method for the preparation of intemucleotide phosphate analogues of polynucleotides, comprising 

a) providing a carrier-bound polynucleoside H-phosphonate containing greater than two 
nucleotides, 

25 b) reacting the polynucleoside H-phosphonate with an agent selected from i) se, il) ROH wherein R 

is aikyl, heteroalkyl, heteroaryl or aryl, or iii) H- N- X wherein X and Y are the same or different and are 

Y 

hydrogen, aryi, heteroaryl, heteroalkyl. aikyl, or are taken together to form a cycloalkene, cyctoalkane 

or heterocycle, and 

SO c) recovering the intemucleotide phosphate analogue. 

. 23. The method of claim 22 wherein ROH or H- N - X are fluorescent. 

i 

Y 

24. A composition comprising a polynucleotide with at least one substituted intemucleotide phosphate, 
said polynucleotide having the formula 



HO -£m - O - J - oj- M - OH 



wherein 

1) -Z is -OH, - SH, -O-R, or - N-X and a is an integer greater than about 10; 

Y 

45 2) at least 1 Z is not -OH; 

3) R is aryl, heteroaryl. aikyl or heteroalkyl; 

4) X or Y are hydrogen, heteroalkyl, aikyl, aryl or heteroaryl, or are taken together to form a 
heterocycle, heterocyclic alkane or alkene; and 

5) M is a nucleoside. 

->0 25. The composition of claim 24 wherein X and Y are taken together to form an oxygen-containing 

heteroaryl substitutent. 

26. The composition of claim 24 or 25 wherein - OR or - N - X are fluorescent. 
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